INTRODUCTION
============

Green tea (*Camellia sinensis*) is the second most popular beverage in the world, and it has been acknowledged for centuries as having significant health benefits ([@b1-pnfs-21-062]--[@b4-pnfs-21-062]). The health benefits of green tea are attributed mainly to its high catechin content, including (−)-epigallocatechin-3-gallate (EGCG), (−)-epicatechin (EC), (−)-epigallocate-chin (EGC), and (−)-epicatechin gallate (ECG). Among them, EGCG is the most abundant catechin in green tea, accounting for 30\~50% of the catechin content ([@b1-pnfs-21-062]). EGCG has been reported to have health beneficial effects against various chronic diseases such as cancer, heart disease, obesity, and others ([@b1-pnfs-21-062]--[@b4-pnfs-21-062]).

Peroxisome proliferator-activated receptor (PPAR) γ coactivator (PGC)-1 coactivators play an important role in the maintenance of lipid, glucose, and energy homeostasis, and thus are related with metabolic diseases such as obesity and diabetes ([@b5-pnfs-21-062]). Among the PGC-1 family of coactivators, PGC-1α is highly responsive to different environmental stimuli including temperature, nutritional status, and physical activity, and coordinately regulates biological processes and metabolic pathways in a tissue-specific manner ([@b6-pnfs-21-062]). PGC-1α was originally identified as a cold-inducible coactivator of PPARγ in brown adipose tissue ([@b7-pnfs-21-062]), but recently, it has emerged as a potent energy regulator affecting on body energy expenditure ([@b8-pnfs-21-062]). The transcriptional coactivator PGC-1α has been shown to be involved in pathways promoting fatty acids oxidation by increasing mitochondrial function and activity ([@b7-pnfs-21-062]). PGC-1α plays the role of a crucial regulator of mitochondrial biogenesis, regulating mitochondrial DNA transcription via stimulating increased expression of mitochondrial transcription factor A ([@b5-pnfs-21-062]), and nuclear respiratory factor (NRF)-1 and NRF-2 ([@b5-pnfs-21-062],[@b9-pnfs-21-062]).

It has been proposed that EGCG affects physiological responses such as energy expenditure and fatty acid oxidation by regulation of gene expression in the liver and adipose tissue ([@b4-pnfs-21-062],[@b10-pnfs-21-062]). We previously showed that EGCG effects on gene expression of hormone sensitive lipase (HSL) and uncoupling protein 2 (UCP2) in 3T3-L1 adipocytes ([@b11-pnfs-21-062],[@b12-pnfs-21-062]), and regulates cholesterol 7 alpha-hydroxylase (CYP7A1) mRNA level in HepG2 cells ([@b13-pnfs-21-062]). Nevertheless, it remains uncertain whether EGCG affects the PGC-1α gene expression in liver cells and adipocytes. Here, we hypothesized that EGCG may directly regulate PGC-1α gene expression in HepG2 cells and 3T3-L1 adipocytes. Therefore, we measured the mRNA levels and promoter activities of PGC-1α under EGCG treatment in both cells.

MATERIALS AND METHODS
=====================

Materials
---------

Green tea EGCG (purity\>95%) was purchased from Sigma (St. Louis, MO, USA). Human HepG2 cell line and 3T3-L1 cell line were obtained from the American Type Culture Collection (Manassas, VA, USA). Dulbecco's modified Eagle's medium (DMEM), pH 7.4 phosphate-buffered saline (PBS), fetal bovine serum (FBS), penicillin-streptomycine, TRIzol reagent, Moloney murine leukemia virus (M-MLV) reverse transcriptase, and Lipofectamin 2000 were purchased from Invitrogen (Grand Island, NY, USA). Universal SYBR Green PCR Master Mix was obtained from Qiagen (Chatsworth, CA, USA). A cell count kit (CCK)-8 was purchased from Dojindo Laboratories (Kumamoto, Japan). Luciferase reporter assay system, pGEM-T easy vector and pGL3 basic vector were purchased from Promega (Madison, WI, USA). pCMV-β galactosidase vector was obtained from Clontech (Palo Alto, CA, USA). Mlu I and Xho I restriction enzymes were purchased from Takara (Tokyo, Japan).

Cell culture
------------

HepG2 cells were cultured in DMEM supplemented with 10% (v/v) FBS, 2 mmol/L glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C under an atmosphere of 5% CO~2~. EGCG was dissolved with dimethylsulfoxide (DMSO), and the DMSO final concentration in the culture medium was 0.01%. Cells were treated with various concentrations of EGCG (0, 1, 5, or 10 μmol/L) in serum-free media for 24 h. In this experiment, cells were exposed to EGCG for 24 h or more based on the daily intake of EGCG at least 3\~4 times. The control cells were treated with 0.01% DMSO without EGCG treatment. 3T3-L1 fibroblasts were initially cultured in DMEM supplemented with 10% (v/v) FBS, 2 mmol/L glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C under an atmosphere of 5% CO~2~. To induce adipocyte differentiation, the 3T3-L1 cells were allowed to grow to confluence and were then cultured with a differentiation medium containing 0.5 mmol/L isobutyl methylxanthine, 1 μmol/L dexamethasone, and 5 μg/mL insulin. After exposure to the differentiation medium for 48 h, the 3T3-L1 cells were differentiated for an additional 7 days in DMEM supplemented with 10% FBS. Differentiated 3T3-L1 adipocytes were treated with various concentrations of EGCG (0, 1, 5, or 10 μmol/L) in 1% bovine serum albumin serum-free media for 24 h. The control cells were treated with 0.01% DMSO without EGCG. All measurements were performed in triplicate of three independent experiments.

Cell cytotoxicity assay
-----------------------

Cell viability was performed as described previously ([@b14-pnfs-21-062]) using CCK-8 kit in accordance with the manufacturer's instructions. Cells were treated with 0 (control), 1, 5, 10, 20, or 50 μM of EGCG for 24 or 48 h at 37°C. Absorbance was then measured using a Varioskan plate reader (Thermo Electron, Waltham, MA, USA) at 450 nm, and the results were presented as the percentage relative to the untreated control cells. Control cells were incubated with 0.01% DMSO without EGCG treatment.

Quantitative real-time PCR
--------------------------

Total RNA was extracted from HepG2 cells and differentiated 3T3-L1 adipocytes using TRIzol reagent. The corresponding cDNA was synthesized from 4 μg of RNA using M-MLV reverse transcriptase. After cDNA synthesis, quantitative real-time PCR was performed using Universal SYBR Green PCR Master Mix on a fluorometric thermal cycler (Corbett Research, Mortlake, Australia). Primers were designed using an online program ([@b15-pnfs-21-062]). The sequences of the sense and antisense primers used for amplification were as follows: PGC-1α, 5′-GGA CAG AAC TGA GGG ACC GT-3′ and 5′-GCA GCA AAA GCA TCA CAG GT-3′; β-actin, 5′-GGA CCT GAC TGA CTA CCT CA-3′ and 5′-GCA CAG CTT CTC CTT AAT GT-3′. The ΔΔCt method was used for relative quantification. The ΔΔCt value for each sample was determined by calculating the difference between the Ct value of the target gene and the Ct value of β-actin as a reference gene. The normalized level of expression of the target gene in each sample was calculated using the formula 2^−ΔΔCt.^ Values were expressed as a fold of the control.

Construction of PGC-1α reporter gene
------------------------------------

The human PGC-1α gene promoter from −970 bp to +412 bp was generated by PCR using human genomic DNA. The 5′-primer, bearing a Mlu I site, was 5′-TGT ACG CGT CCC TCA GTT CAC AGA CAT TCT-3′, and the 3′-primer, bearing a Xho I site, was 5′-TCT CTC GAG ACA GTG CCA AAG TCA CAT GGA-3′. Amplification of the PGC-1α promoter consisted of 95°C for 15 min, followed by 30 cycles at 95°C for 1 min, 64°C for 1 min, and 70°C for 2 min. The PGC-1α promoter fragment (−970/+412) was subcloned into the pGEM-T easy vector. It was then inserted into the pGL3 basic vector, which includes luciferase as a reporter gene.

Transfection and luciferase assay
---------------------------------

Transfection experiments were carried out with Lipofectamin ^®^ 2000 according to the manufacturer's instructions. For transfection, 2 μg of the plasmid containing the PGC-1α reporter gene was employed, along with 1μg of pCMV-β galactosidase as an internal standard for the adjustment of transfection efficiency. Three hours after transfection, cells were treated with 0 (control), 1, 5, or 10 μmol/L of EGCG in serum-free medium for 40 h. For the luciferase assay, cells were washed with phosphate buffered saline and harvested with luciferase cell culture lysis reagent. PGC-1α promoter activity in the cells was measured with the Luciferase Reporter Assay System using a TD 20/20 luminometer (Turner Designs, Sunnyvale, CA, USA). β-galactosidase activity was assayed enzymatically using o-nitrophenyl-β-D-galactopyranoside as a substrate. Luciferase activity was calculated in relative light units and normalized to the β-galactosidase activity.

Statistical analysis
--------------------

Data were expressed as mean±standard error of the mean (SEM). Statistical analyses were performed using SPSS software version 19 (IBM Corporation, Armonk, NY, USA). Significant differences among the treatment groups were assessed by one-way analysis of variance (ANOVA) and Tukey's multiple comparison tests. The level *P*\<0.05 and *P*\<0.01 were considered to indicate statistically significant differences.

RESULTS
=======

To investigate the potential cytotoxic effects of EGCG on HepG2 cells and differentiated 3T3-L1 adipocytes, the cells were treated with various concentrations (1\~50 μmol/L) of EGCG for 24 and 48 h at 37°C. Cytotoxicity was found to be unaffected under 10 μmol/L of EGCG in both cells ([Fig. 1A and 1B](#f1-pnfs-21-062){ref-type="fig"}). Effects of EGCG on hepatic and adipogenic PGC-1α expression in HepG2 cells and differentiated 3T3-L1 adipocytes were measured by quantitative real-time PCR. Both cells were treated with different concentrations (0, 1, 5, or 10 μmol/L) of EGCG for 24 h. The mRNA levels of PGC-1α with 10 μmol/L of EGCG were significantly up-regulated by 2.0-fold in HepG2 cells, and by 2.84-fold in differentiated 3T3-L1 adipocytes, respectively, compared to the control ([Fig. 2A and 2B](#f2-pnfs-21-062){ref-type="fig"}). To further verify the up-regulation of the PGC-1α gene by EGCG, we assayed the promoter activity in HepG2 cells and differentiated 3T3-L1 adipocytes. Cells were incubated with different concentrations (0, 1, 5, or 10 μmol/L) of EGCG for 40 h. The promoter activity of PGC-1α with 10 μmol/L of EGCG was significantly increased by 1.73-fold in HepG2 cells, and by 1.85-fold in differentiated 3T3-L1 adipocytes, respectively, compared to the control ([Fig. 3A and 3B](#f3-pnfs-21-062){ref-type="fig"}). Cotransfection with the control vector (pGL3-basic) showed a negligible effect on luciferase activity (data not shown).

DISCUSSION
==========

Green tea is one of the most popular beverages in the world, and it contains a number of bioactive components to improve health. As the major bioactive ingredients of green tea, polyphenols consists primarily of catechins including EGCG that is the most abundant and strongest bioactive chemical. When green tea is orally administered, various catechin compounds are metabolized and moved mainly via the digestive system. A recent study reported that administered 3H-EGCG was found in the digestive system, including the small intestine, colon and stomach of mice ([@b16-pnfs-21-062]). In addition, 3H-EGCG was shown to be easily absorbed from the digestive tract and widely distributed into various organs such as liver, lung, heart, and kidney of mice ([@b17-pnfs-21-062]), suggesting that EGCG may reach the liver and adipose tissue as intact *in vivo*.

On the other hand, EGCG has been shown to regulate the adipogenic and lipolytic pathways, resulting in the down regulation of CCAAT/enhancer binding protein-α and PPARγ, and the up-regulation of HSL and carnitine palmitoltransferase-1 in the 3T3-L1 adipocytes in obese mice ([@b18-pnfs-21-062]). Moreover, EGCG inhibited lipogenesis through the phosphorylation of AMP-activated protein kinase and acetyl-CoA carboxylase in HepG2 cells ([@b19-pnfs-21-062]).

The aim of this study was to investigate the direct effects of EGCG on the hepatic and adipocyte PGC-1α gene expression, particularly whether EGCG affects the PGC-1α mRNA expression through the promoter activation of PGC-1α in HepG2 cells and differentiated 3T3-L1 adipocytes. Here, we examined the gene expression and promoter activity of PGC-1α in low concentrations under 10 μmol/L of EGCG, in the non-toxic range, in HepG2 cells and differentiated 3T3-L1 adipocytes.

To understand the underlying regulatory mechanisms of PGC-1α by EGCG, we evaluated the mRNA expression of PGC-1α in liver cells and adipocytes. In the present study, EGCG enhanced the mRNA level of PGC-1α with 10 μmol/L of EGCG in HepG2 cells and differentiated 3T3-L1 adipocytes. PGC-1α is an important regulator of tissue-specific metabolic functions, involved in the regulation of thermogenesis, hepatic gluconeogenesis, mitochondrial biogenesis, and energy expenditure ([@b5-pnfs-21-062]). In brown adipose tissue, the level of PGC-1α is increased in cold-induced adaptive thermogenesis ([@b7-pnfs-21-062]). Hepatic PGC-1α expression is induced by increasing gluconeogenesis in the liver of fasting mice ([@b20-pnfs-21-062]). In skeletal muscle, it increases exercise-induced mitochondrial biogenesis and respiration ([@b21-pnfs-21-062]). Adipocyte PGC-1α expression activates uncoupling protein activity and key features of mitochondrial biogenesis ([@b5-pnfs-21-062],[@b7-pnfs-21-062]). PGC-1α activation has also been shown to attenuate high-fat diet-induced obesity by enhancing brown fat thermogenesis and adipose tissue oxidative metabolism ([@b22-pnfs-21-062]). A recent study reported that EGCG strongly promoted mitochondrial biogenesis with an increase in SIRT1-dependent PGC-1α deacetylation in human cells from subjects with Down's syndrome ([@b23-pnfs-21-062]). In addition, EGCG was shown to suppress 1-methyl-4-phenyl-pyridine (MPP)-induced oxidative stress via the SIRT1/PGC-1α signaling pathway and to increase the PGC-1α mRNA level after treating PC12 cells with MPP^+^ and EGCG ([@b24-pnfs-21-062]). Our results indicated that EGCG up-regulated PGC-1α mRNA expression in HepG2 cells and differentiated 3T3-L1 adipocytes. Hence, it is possible that EGCG may partially affect the physiological activity of PGC-1α in liver cells and adipocytes.

Enhancement of the PGC-1α mRNA level may stem from elevation of transcription and/or promotion of mRNA stability. To distinguish between these possibilities, the effects of EGCG on PGC-1α promoter activity in HepG2 cells and differentiated 3T3-L1 adipocytes were examined. PGC-1α promoter activity was increased by EGCG treatment in parallel with alteration of mRNA expression in both cells. Previously, we reported that EGCG enhanced the mRNA expression and promoter activity of UCP2 in 3T3-L1 adipocytes ([@b12-pnfs-21-062]). In addition, EGCG showed an increase of CYP7A1 promoter activity and a similar increase of mRNA level in HepG2 cells ([@b13-pnfs-21-062]). A recent study reported that EGCG inhibited transcriptional activity of the nuclear factor kappa-light-chain-enhancer of activated B cells-driven promoter in prostate cancer cells ([@b25-pnfs-21-062]). In this study, EGCG was shown to stimulate the promoter activity of PGC-1α in HepG2 cells and differentiated 3T3-L1 adipocytes. These results support the hypothesis that EGCG may increase PGC-1α expression through its promoter activation. In conclusion, our results suggest that EGCG may directly regulate the gene expression of PGC-1α, which was associated with PGC-1α promoter activation in HepG2 cells and differentiated 3T3-L1 adipocytes. It is likely that EGCG plays a positive regulatory role in the transcriptional process of PGC-1α in the liver cells and adipocytes.
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![Effects of EGCG on cell viability in HepG2 cells (A) and 3T3-L1 adipocytes (B). Cells were treated with 0 (control), 1, 5, 10, 20, or 50 μmol/L of EGCG and incubated for 24 or 48 h. Cell viability was determined using the WST-8 assay. Values are means±SEM (n=3) of three independent experiments. \**P*\<0.05, \*\**P*\<0.01 vs. control.](pnfs-21-062f1){#f1-pnfs-21-062}

![Effects of EGCG on the level of PGC-1α mRNA in HepG2 cells (A) and 3T3-L1 adipocytes (B). HepG2 cells and differentiated 3T3-L1 adipocytes were treated with 0 (control), 1, 5, or 10 μmol/L of EGCG for 24 h. The PGC-1α mRNA levels were determined by quantitative real-time PCR, and are expressed as fold-change over the control. Values are expressed as mean±SEM (n=3) of three independent experiments. \**P*\<0.05, \*\**P*\<0.01 vs. control.](pnfs-21-062f2){#f2-pnfs-21-062}

![Effects of EGCG on the promoter activity of PGC-1α in HepG2 cells (A) and 3T3-L1 adipocytes (B). HepG2 cells and differentiated 3T3-L1 adipocytes were transfected with PGC-1α (−970/+412 bp)/luciferase reporter gene and pCMV-β galactosidase, and were then incubated in serum-free media with the indicated concentrations of EGCG, from 0 to 10 μmol/L, for 40 h. Luciferase activity was calculated in relative light units and normalized to the β-galactosidase activity. Values are expressed as mean±SEM (n=3) of three independent experiments. \**P*\<0.05 vs. control.](pnfs-21-062f3){#f3-pnfs-21-062}
